OBJECTIVES: Mitral annular calcification is associated with significant morbidity and mortality at the time of mitral valve surgery. However, few data are available describing the impact of mitral annular calcification on early and late outcomes following mitral valve repair in the current era.
INTRODUCTION
Mitral annular calcification (MAC) represents a technical challenge at the time of mitral valve surgery [1] [2] [3] . Calcification of the mitral annulus has been associated with disruption of the atrioventricular groove, operative haemorrhage, coronary ischaemia and death at the time of valve replacement [1] [2] [3] . Furthermore, MAC also complicates mitral valve repair since MAC may extend into the leaflets, papillary muscle or left ventricle, which may limit leaflet resection or chordal repair strategies [1] .
Pathological studies have shown that MAC has a prevalence of 10-15% and is typically limited to the mitral annulus [1, 4, 5] . The posterior annulus is more commonly involved than the anterior annulus although circumferential MAC is rare [1] . Age and female gender are described risk factors for MAC [1, 5] .
Although MAC is common and associated with significant surgical risk, the literature describing operative management of MAC is limited. Published studies have involved mixed cohorts of patients with different causes of mitral regurgitation (MR) [6] [7] [8] [9] [10] [11] [12] . Furthermore, most series have described outcomes following en bloc resection alone, which may not be necessary in the majority of patients with MAC.
We therefore performed a longitudinal follow-up study of a large, contemporary, cohort of patients with myxomatous degeneration and MR. Our objectives were to describe: (i) the incidence of MAC in patients undergoing mitral valve surgery, (ii) our surgical approach and technique in addressing MAC and (iii) the long-term outcomes following mitral valve repair in this population.
METHODS

Ethics approval
The University of Ottawa Heart Institute has existing ethics approval from its institutional research ethics board to anonymously publish data that are prospectively collected before and after heart valve surgery. As such, individual patient consent was waived.
Patients and follow-up
Between 2001 and 2011, 625 patients with myxomatous degeneration were referred for mitral valve repair. Of these, 119 (19%) had MAC. The calcification involved more than one scallop of the mitral annulus in 46 patients (39%), and at least half the mitral annulus in 27 (23%). The mitral valve was repaired in 606 patients, in whom MAC was observed in 114. Intraoperative conversion to mitral valve replacement was performed for 19 patients (97.0% repair rate for patients with myxomatous degeneration), in whom MAC was observed in 5, and involved more than half of the mitral annulus in 2. The overall mitral valve repair rate in patients with MAC was 96.0% (114 of 119 patients). The aetiology of MR was determined preoperatively via established echocardiographic criteria [13] and confirmed intraoperatively by the operating surgeon. These data were recorded prospectively as part of the Mitral Valve Clinic at the University of Ottawa.
Patients were assessed regularly in a dedicated mitral valve clinic. Clinic visits consisted of a history and physical examination, electrocardiogram, chest radiograph, complete blood count, serum chemistries and international normalized ratio (when applicable). Echocardiographic follow-up was also performed on all mitral valve repair patients postoperatively at 1, 3, 6 and 12 months. After 1 year, echocardiograms were performed every 1-3 years or when clinically indicated. Mean follow-up was 2.4 ± 2.3 years (maximum 8.6 years, total 251 years). In patients with posterior leaflet prolapse and calcification limited to the prolapsing segment, resection of the calcified, prolapsing scallop was followed by annulus debridement, reattachment of the reconstructed leaflet to the annulus and annuloplasty placement. When the annular calcification and the prolapsing segment involved either commissure, the annulus was debrided and a commissuroplasty was performed. Annular calcification that was limited to a non-prolapsing area of the valve was ignored, and the annuloplasty band was rotated whenever possible to avoid placing annular sutures in calcium. Insertion of a C-shaped band precluded the need for placement of annuloplasty sutures in the anterior portion of the annulus between the trigones. In general, extensive annulus debridement was avoided considering advanced age, circumferential MAC, MAC extending into the ventricle or papillary muscles, a small mitral valve annulus or the need for multiple concomitant cardiac procedures. Consequently, 13 of the 27 patients with extensive calcification of the mitral annulus did not undergo annuloplasty band placement. In these patients, a simpler technique involving an edge-to-edge leaflet repair was employed in 6 (central edge-to-edge in 3, and an edge-to-edge repair towards either commissure in 3) and polytetrafluoroethylene artificial chord placement in 7. Of the 7 patients who underwent artificial chord placement, native chordal transfer was also performed in 2.
Conversely, en bloc resection of MAC was performed, followed by reconstruction of the annulus (autologous pericardium in 6 and bovine pericardium in 8) and annuloplasty band placement. Notably, in 2 of these 14 patients, the MAC was circumferential, but only the posterior aspect of the annulus was debrided and reconstructed. Bioglue (CryoLife, Atlanta, GA, USA) was used to reinforce the atrioventricular groove in 4 patients. In 3 patients, calcification of the posterior annulus extended to the mid-basal portion of the reconstructed posterior mitral leaflet. Therefore, the patch reconstruction of the annulus was extended to the base of the leaflet to allow a posterior leaflet height of 1 cm.
In all patients who underwent mitral valve repair, MR >1+ or a mean mitral gradient >5 mmHg, determined intraoperatively, were indications for further mitral valve intervention. There were 5 patients with severe MAC who underwent intraoperative conversion to mitral valve replacement. Mitral valve repair was attempted in all of these patients. En bloc resection of the annulus and leaflet calcification was performed in one, but residual 2+ MR was noted due to posterior leaflet restriction. In fact, posterior leaflet restriction and residual MR were also the causes of two other valve replacements, whereas lack of anterior leaflet mobility was noted in the remaining 2 patients.
Statistical analysis
Data were imported and analysed in Stata 11.2 (College Station, TX, USA). Continuous variables were expressed as a mean ± standard deviation and compared with separate Wilcoxon signed-rank tests. Categorical variables were described as a percentage of the total and compared with either a χ 2 test or Fisher's exact test, when the frequency was <5. Risk factors associated with MAC and intraoperative conversion to mitral valve replacement were determined using multivariable logistic regression. The Kaplan-Meier method was used to assess survival, freedom from recurrent MR (≥2+), freedom from recurrent MR (≥3+) and freedom from mitral valve reoperation. Risk factors associated with these outcomes were determined by using separate semi-parametric Cox proportional hazards models. The proportional hazards assumption was verified with Schoenfeld residuals.
RESULTS
Population characteristics
The mean age of this cohort was 63.9 ± 12.7 years and 164 (26%) were female. Severe renal impairment defined as a creatinine clearance <30 ml/min was observed in 9 (1%), diabetes mellitus in 33 (5%) and hypertension in 242 (39%). One hundred and forty (22%) had either permanent or paroxysmal atrial fibrillation prior to surgery and 24 had previous cardiac surgery.
Five hundred and ninety patients (94%) had 3+ or 4+ MR preoperatively, whereas the remainder had 2+ MR with another indication for cardiac surgery [14] . The preoperative left atrial diameter for patients in this cohort was 50.4 ± 8.0 mm. Concomitant coronary artery bypass grafting was performed in 91 (15%), tricuspid valve repair in 59 (9%) and maze procedure in 100 (16%). En bloc resection of MAC was performed in 14 patients who underwent mitral valve repair (Table 1) . Patients in whom en bloc resection was performed were younger (69.7 ± 11.8 vs 78.5 ± 6.7 years, P = 0.003) and had a longer cardiac ischaemic time at surgery (90.6 ± 21.8 vs 53.9 ± 36.9 min, P = 0.005) compared with those in whom complete resection and annuloplasty were not performed (Table 1) . Of note, concomitant coronary artery bypass grafting was performed in 2 patients in each group. Of the 14 patients who underwent annulus debridement and reconstruction, 6 had a concomitant Maze procedure and 2 underwent concomitant tricuspid valve repair (Table 1) .
Risk factors associated with mitral annular calcification
Age and female gender were associated with MAC (Table 2) . Notably, preoperative left atrial diameter was also associated with MAC (odds ratio 1.04 ± 0.02 per increasing mm, P = 0.01). Severe renal impairment defined as a creatinine clearance <30 ml/min was observed in 9 patients, all of whom had MAC.
Risk factors associated with intraoperative conversion to mitral valve replacement
Although older patients and women were more likely to have MAC, they were not more likely to require an intraoperative conversion to mitral valve replacement (Table 3 ). Importantly, all 5 patients with MAC who required valve replacement had either anterior or posterior leaflet calcification extending beyond the body of at least one leaflet scallop. The presence of MAC, in the absence of extensive leaflet calcification, was not associated with the need for valve replacement (Table 3) .
Survival
There were no deaths within 30 days of surgery. Five-year actuarial survival following mitral valve repair was 88.1 ± 2.4% and not different between patients with and without MAC (P = 0.4) (Fig. 1) .
Freedom from recurrent mitral regurgitation and mitral valve reoperation
At follow-up, 29 patients, of the entire cohort of myxomatous degeneration who underwent mitral valve repair, had recurrent MR (≥2+), of whom 6 had 3+ or 4+ MR. Overall, 5-year freedom from recurrent MR (≥2+) was 83.8 ± 6.8% and 91.1 ± 2.4% for patients with and without MAC, respectively (P = 0.2) (Fig. 2) . Five-year freedom from recurrent 3+ or 4+ MR was 97.8 ± 0.8% for the entire cohort. Mitral valve reoperation was subsequently performed in 9 patients, in whom 7 had recurrent 3+ or 4+ MR. One patient underwent reoperation due to recurrent moderate-severe mitral stenosis detected only on exercise testing. Another patient had recurrent moderate mitral stenosis, but also developed severe tricuspid regurgitation and coronary artery disease requiring surgical intervention. Two of the 9 patients who underwent mitral valve reoperation had MAC noted at the time of their first mitral valve repair. Overall, successful valve re-repair was performed in 5. Of the 5 patients who underwent successful valve re-repair, 3 separate patients had new prolapse of an adjacent scallop that previously did not require repair. One patient had an elongated polytetrafluoroethylene artificial chord to P2, which was subsequently replaced and reinforced with an additional artificial chord. The last patient had a successful mitral repair 5 years previously, but developed mitral stenosis secondary to pannus formation around the annuloplasty ring. Overall, 5-year freedom from mitral valve reoperation was 97.0 ± 1.2%.
DISCUSSION
In this study, we evaluated MAC in a large, contemporary cohort of patients with myxomatous degeneration who were referred for mitral valve repair.
Overall, MAC was observed in 119 (19%) patients, which is consistent with previously published data [1, 4, 5] . MAC was more frequently observed in older patients, women, patients with severe renal impairment [5] and also in patients with a larger preoperative left atrium. This last observation may relate to the extent and duration of mitral valve disease, although we have no data confirming this proposed mechanism. Successful mitral valve repair was performed in 97% of patients and compares favourably to those in the published literature [14, 15] . Notably, leaflet calcification and mobility, but not the presence of MAC itself, were associated with failed mitral valve repair. In patients with MAC extending into the body of the posterior leaflet, we previously resected the calcified scallop and re-approximated the remaining leaflet tissue, likely causing restriction and/or tension of the remaining scallops. Our current approach is to extend the patch reconstruction of the annulus into the leaflet itself. We feel that the patch augmentation of the leaflet reduces tension on the remaining leaflet tissue and allows for a more physiological height of coaptation. En bloc resection of MAC was required in a smaller subset of patients with annular calcification and was less often performed in older patients. In these patients, our approach was more conservative, involving an edge-to-edge repair without radical MAC resection. We achieved acceptable results with this approach, which lends support for the use of an edge-to-edge repair, whether applied centrally or towards either commissure, in this population. This last finding is interesting since these data can perhaps be extended to justify a percutaneous mitral valve repair strategy for high-risk or inoperable patients. There were no early deaths in this study. Previous reports describing mitral valve surgery in patients with MAC have reported an operative mortality ranging between 3 and 14% [6] [7] [8] [9] [10] [11] [12] . However, comparison with the literature is limited since these published studies have included mixed etiologies of MR with varying surgical approaches. The available data describing outcomes following mitral surgery in patients with MAC have focused predominantly on patients who underwent complete annular debridement and reconstruction alone [6] [7] [8] [9] [10] [11] [12] . It has been our experience that en bloc resection and reconstruction is required in only a subset of patients. Therefore, the real-world approach to MAC may be under-represented in the published literature. With the described approach, which may seem conservative since radical MAC resection was performed in approximately half of all patients with severe MAC, we had no incidences of atrioventricular groove rupture, early death or early/late ring dehiscence. Naturally, careful intraoperative evaluation is required prior to deciding upon annulus debridement and reconstruction. Severe MAC, although intimidating, may be reasonably simple to address provided that it does not extend too far into the leaflet body or into the ventricular wall. If MAC is confined to the annulus and can be removed as a homogeneous calcium bar, the reconstruction can be relatively easy. The operation can be more challenging if the decalcification can only be performed in limited pieces. In a few patients with extensive debridement and annular patch reconstruction, we have also used biological glue to reinforce the atrioventricular groove.
Overall 5-year survival, freedom from recurrent (≥3+) and freedom from mitral valve reoperation were 88, 98 and 97%, respectively. These findings therefore support our surgical assertions that: (i) MAC does not necessarily interfere with the durability of mitral valve repair, (ii) a tailored approach can be used to address severe MAC. Considering patient and operative factors a conservative approach without radical MAC resection can offer favourable early and mid-term results and (iii) the lack of decalcification of moderate MAC does not preclude the placement of an annuloplasty device in the majority of patients.
Limitations
This is a retrospective study describing our institutional approach to MAC at the time of mitral surgery. No attempts were made to compare patients with and without en bloc resection of MAC in a randomized setting. Long-term conclusions regarding the durability of mitral valve repair are also unknown given the limited duration of follow-up.
CONCLUSION
Despite the limitations mentioned above, this study comprises a large cohort of patients with myxomatous degeneration who underwent detailed serial follow-up after mitral valve repair. Based on these data, MAC appears common in patients presenting to mitral valve surgery with myxomatous degeneration. However, favourable early and mid-term results can be achieved with mitral valve repair in this population.
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